INTRODUCTION {#SEC1}
============

The inherent propensity of guanines to self-associate forming four-stranded helical structures has been known since the early 1960s ([@B1]). Subsequently it was demonstrated that the conserved DNA sequence repeats of telomeres form G-quadruplex (or G4) structures *in vitro* ([@B2],[@B3]). Since then numerous biochemical and structural analyses have established that nucleic acid sequences, both DNA and RNA, containing runs of guanines (G-tracts) separated by other bases spontaneously fold into G-quadruplex structures *in vitro*. The building blocks of G-quadruplexes are G-quartets that are formed through a cyclic Hoogsten hydrogen-bonding arrangement of four guanines with each other. The planar G-quartets stack on top of one another forming four-stranded helical structures. G-quadruplex formation is driven by monovalent cations such as Na^+^ and K^+^, and hence physiological buffer conditions favour their formation (Figure [1A](#F1){ref-type="fig"}).

![Structure of G-quadruplexes. G-quadruplexes form *in vitro* in DNA or RNA sequences containing tracts of three to four guanine. (**A**) The building blocks of G-quadruplexes are G-quartets that arise from the association of four guanines into a cyclic arrangement stabilized by Hoogsten hydrogen bonding (N1--N6 and N2--N7). The planar G-quartets stack on top of one another, forming four-stranded helical structures. G-quadruplex formation is driven by monovalent cations such as Na^+^ and K^+^. (**B**) G-quadruplex structures are polymorphic and can be sub-grouped into different families, as for example parallel or antiparallel according to the orientation of the strands and can be inter- or intramolecular folded. The type of structure depends on the number of G-tracts in a strand.](gkv862fig1){#F1}

G-quadruplex structures are topologically very polymorphic and can arise from the intra- or inter- molecular folding of G-rich strands. Intra-molecular folding requires the presence of four or more G-tracts in one strand, whereas inter-molecular folding can arise from two or four strands giving rise to parallel or antiparallel structures depending on the orientation of the strands in a G-quadruplex ([@B4],[@B5]) (Figure [1B](#F1){ref-type="fig"}). Knowledge of the precise 3D-structure ([@B6]) is important for the design of G-quadruplex stabilizing ligands used for probing the consequences of G-quadruplex stabilization on processes such as DNA replication and gene transcription, and as anticancer drugs to target G-quadruplexes in the promoters of oncogenes and at telomeres ([@B7]). The thermal stability of G-quadruplexes is dependent on features such as the number of G-quartets present in the structure and the length and composition of the loops formed by non-guanine bases ([@B8],[@B9]). However, the thermal stability of a G-quadruplex *in vitro* may not correlate with its *in vivo* effect ([@B11]). *In vitro* many G-quadruplex DNA structures, once formed, are more thermodynamically stable than double-stranded DNA and importantly for biological function, their unfolding kinetics are much slower than those of DNA or RNA hairpin structures ([@B10]). Overall therefore, G-quadruplex structures are likely to obstruct DNA and RNA metabolism and hence their formation must be regulated. Over the last several years, the increasingly direct evidence for the presence of G-quadruplexes *in vivo*, and the identification of proteins that specifically regulate G-quadruplex folding and unfolding have started to provide insights into G-quadruplex occurrence and function.

Potential G-quadruplexes in the human genome {#SEC1-1}
--------------------------------------------

Computational analyses of the human genome searching with the consensus sequence (G~3+~N~1--7~G~3+~N~1--7~G~3+~N~1--7~G~3+~) revealed that it contains over 300 000 sequences that have the potential to form G-quadruplexes (pG4 or PQS) ([@B12]). This likely is an oversimplification as non-consensus sequences may form G-quadruplexes ([@B13]), as well as an underestimation since long runs of repeated DNA sequences are missing from the available sequence database (S. Schuster, personal communication). Significantly, it was found that the localization of pG4s is non-random: pG4 colocalize with functional regions of the genome and furthermore, are highly conserved between different species ([@B8]) indicating a selection pressure to retain such sequences at specific genomic sites. This conservation is highest among mammalian species and decreases in non-mammalian species and lower organisms ([@B14]). Finally, pG4s are also present in bacteria ([@B15]) and human RNA and DNA viruses ([@B16]--[@B18]).

The highest abundance of pG4s is at telomeres, which in humans consist of 5 to 10 000 bp of the tandemly arranged TTAGGG repeat. They are also highly enriched in gene promoters, at the border between introns and exons and target immunoglobulin gene class switch recombination ([@B9]). Most interestingly, recently it has emerged that 90% of human DNA replication origins contain pG4 motifs, and in higher densities near origins that are used frequently ([@B19]--[@B21]) (Figure [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"}). Genome-wide analysis of DNA breakpoints in different cancer types show a significant enrichment in pG4s in the vicinity of somatic copy number alterations ([@B22]), as well as telomeres being favoured targets of persistent DNA damage response in aging ([@B23]). It has also been found that in about 3000 human genes, pG4s are present in the region specifying the 5′-UTR of the encoded mRNAs and may repress translation (Figure [2D](#F2){ref-type="fig"}) ([@B24],[@B25]). The long G-rich RNA transcripts of telomeric DNA, TERRA, are also rich in pG4s ([@B26]). All these observations of the conserved presence of pG4s in important genomic regions suggest that they provide a regulatory role through their ability to form G-quadruplex structures. Whether all, or a subset of pG4s present in genomes have an *in vivo* function remains to be established.

![Possible locations of G-quadruplex structures in cells. Genome wide searches have revealed the location of G-rich regions with G-quadruplex forming potential (pG4). pG4s are non-randomly distributed in the genome and promoters and telomeres are particularly enriched in these sequences. In the nucleus, G-quadruplex formation can occur in double stranded G-rich regions when DNA becomes transiently single stranded, during (**A**) transcription and (**C**) replication and (**B**) at the single stranded telomeric G-rich overhangs. Outside the nucleus, G-quadruplexes can also form in mRNA and (**D**) are involved in translational control. Red T-bars indicate impediments to transcription, replication and translation.](gkv862fig2){#F2}

For biology, the important question is if, where and when the mapped pG4s form G-quadruplex structures *in vivo*. Genomic DNA is primarily double stranded and stabilized through being packaged into chromatin. Two exceptions are the very tips of the linear eukaryotic chromosomes that have the conserved feature of ending in a single-stranded G-overhang and in mRNA. In double stranded DNA, the opportunity for forming G-quadruplexes arises during DNA replication, transcription and repair when DNA is rendered transiently single stranded through the breaking of Watson-Crick base pairing, which would permit the alternative Hoogsteen base pairing present in G-quadruplexes to take place ([@B27],[@B28]) (Figure [2](#F2){ref-type="fig"}). Indeed, emerging *in vivo* observations are consistent with G-quadruplex formation and resolution providing a regulatory role in these pathways (see below). In addition, it can be envisaged that G-quadruplex formation could be favoured by superhelical stress, molecular crowding ([@B29]) as well as specific G-quadruplex binding proteins ([@B30]). Furthermore, contrary to the Watson-Crick base pairing dogma, it has been found that Hoogsteen base pairs transiently form in canonical double stranded DNA ([@B31]), suggesting that G-quadruplex formation may not necessarily require the prior melting of the DNA double helix through, for instance, DNA replication.

A breakthrough in establishing the presence and location of G-quadruplexes *in vivo* came over a decade ago from the development of specific antibodies directed against telomric DNA G-quadruplexes. This permitted the first direct visualization by *in situ* immuno staining in the micronuclei of the ciliate *Stylonychia lemnae* ([@B32]). Later, a G-quadruplex antibody was used to map the location of such structures in human genomic DNA using immuno-precipitation followed by deep sequencing of the selected DNA fragments ([@B33]). This study revealed their presence at multiple genomic sites: in gene promoters and both 5′ and 3′ untranslated regions (UTRs), suggesting roles in both transcriptional initiation and termination, within introns and in subtelomeric regions. It should be noted that the immuno-precipitation of the G-quadruplex structures was carried out with isolated and fragmented DNA, so it cannot be excluded that G-quadruplex formation occurred during the analysis. Another approach to identify G-quadruplexes genome wide was by using the G-quadruplex interacting drug pyridostatin, which leads to replication and transcription dependent DNA damage. Chromatin immuno precipitation with an antibody directed against the DNA damage marker histone gamma H2AX identified genes enriched in pG4s ([@B34]). Since these observations are consistent with G-quadruplexes being involved in several biological processes, the expectation is that G-quadruplex formation is dynamic and regulated, and hence their distribution may differ in variously differentiated cells. Therefore, it would be of considerable interest to map the occurrence of G-quadruplexes in cells with different transcriptional repertoires.

Regulation of G-quadruplex formation {#SEC1-2}
------------------------------------

An essential consideration for the possible participation of G-quadruplexes in biology is the kinetics of formation (folding) and resolution (unfolding). As might have been anticipated, experimental evidence is accumulating for the role of protein chaperones and helicases in the regulation of folding and unfolding, respectively. The folding kinetics of G-quadruplexes forming sequences is sequence dependent and ranges from ms to minutes. For sequences that fold very fast such as human telomeric repeats, the time scale of folding is in the range of that of DNA replication ([@B35]). For others, the kinetics of G-quadruplex formation can be increased dramatically by protein chaperones ([@B36]). Much of the available evidence for the role of chaperones comes from *in vitro* studies and most of the identified proteins function at telomeres: the *S. cerevisiae* telomere double strand binding protein Rap1, was shown two decades ago to promote G-quadruplex formation ([@B37]): as was the regulatory subunit of yeast telomerase Est1 ([@B38]): and the human telomeric binding protein TRF2 has been implicated in both DNA and RNA (TERRA) G-quadruplex binding ([@B39]). Convincing *in vivo* evidence has started to emerge: the *in vitro* observation that ciliate telomere end-binding protein TEBPβ enhances the formation of G-quadruplexes by 10^5^--^6^ fold ([@B36]) has been confirmed by *in vivo* experiments that demonstrate that TEBPβ regulates G-quadruplex formation at telomeres in a cell cycle dependent manner ([@B40]). The human DNA mismatch recognizing factor MutSα binds to G-quadruplexes and promotes synapsis of transcriptionally activated immunoglobulin switch regions ([@B41]). Of particular interest, recent studies suggest that nucleophosmin (NPM1) interacts with several G-quadruplex regions in ribosomal DNA, both *in vitro* and *in vivo*. NPM1 is an abundant nucleolar protein implicated in ribosome maturation and export and is the most frequently mutated gene in acute myeloid leukaemia ([@B42]). Significantly nucleolin, (NCL) an essential nucleolar phosphoprotein for which there is old *in vitro* evidence that it binds DNA G-quadruplexes with high affinity ([@B43]), was very recently shown to be sequestered specifically in a conformation dependent manner by G-quadruplexes present in aborted RNA transcripts arising from the expansion of the hexanucleotide repeat (GGGGCC)n (Figure [4B](#F4){ref-type="fig"}). This led to nucleolar stress and perturbations in RNA processing, initiating a molecular cascade that resulted in a type of a neurodegenerative disorder ([@B44]).

Evidence implicating specialized helicases in the unwinding of DNA or RNA G-quadruplexes is now accumulating. Helicases are a large family of ATP-dependent nucleic acid unwinding enzymes that have a major role in genome maintenance. Importantly, loss-of-function mutations in a distinct family of DNA helicases linked to various cancers and genetic disorders have provided a direct link between pG4 sequences and genome instability. It is emerging that G-quadruplex helicases play important roles in DNA replication and telomere maintenance (see below) ([@B45]). The human helicases WRN and BLM and *S. cerevisiae* Sgs1 are involved in telomere maintenance and have G-quadruplex-unwinding activity *in vitro* and contain a conserved RQC domain that binds G-quadruplexes with high affinity ([@B30]). Mutations in WRN cause the Werner syndrome and mutations in BLM the Blooms syndrome, that give rise to premature ageing (adult progeria) and increased risk of cancer, respectively. The integrity of the *C. elegans* DOG-1gene (deletion of guanine rich DNA) is crucial for the stability of G-tracts in the genome ([@B46]). Furthermore, the introduction of a DNA sequence that forms G-quadruplexes *in vitro* was highly mutagenic and was removed from genomes lacking DOG-1 ([@B47]). Studies on the mammalian FANCJ helicase, the orthologue of the *C. elegans* DOG-1 helicase, reinforce these findings. The FANCJ helicase is associated with the heritable cancer susceptibility disorder Fanconi anaemia. Cell lines from patients lacking FANCJ accumulate large genomic DNA deletions that map to pG4s ([@B48]). The demonstration that FANCJ preferentially unwinds G-quadruplexes over other DNA substrates *in vitro* suggested that the FANCJ helicase, like DOG-1, functions in resolving potential replication impediments caused by DNA G-quadruplexes ([@B48]). Mutations in the mammalian DNA helicase regulator of telomere length RETL1 confers increased susceptibility to certain types of cancers ([@B49]). Because of its similarity to human FANCJ and the C. *elegans* DOG-1 helicases, and because of the observed increase in telomere fragility by treatment with the G-quadruplex stabilizing compound TMPyP4, RETL1 was implicated in G-quadruplex unwinding ([@B50]). However, direct biochemical evidence for this activity is lacking. Studies on the PIF1 DNA helicase family, which is conserved from bacteria to man, provide strong evidence for a potent G-quadruplex unwinding activity *in vitro* ([@B51]). A genome wide chromatin immuno-precipitation of the *S. cerevisiae* Pif1 revealed pG4s at a major subset of Pif1 binding sites and that such sites in Pif1 deficient cells are prone to DNA double strand breaks ([@B52]--[@B54]). The human PIF1 also appears to act on pG4s ([@B34]). It is also emerging that in the absence of G-quadruplex helicases, a number of nucleases act to process G-quadruplexes leading to G-tract deletions. Nucleases such as the yeast Kem1 ([@B55]) and human FEN1, EXO1 and DNA2 are known to cleave G-quadruplexes *in vitro* ([@B56]). EXO1 and FEN1 play a role in DNA replication and are involved in telomere maintenance. Depletion of these nucleases causes telomere disfunction ([@B57],[@B58]). In addition, the single-strand binding replication protein RPA that plays an important role in telomere maintenance, has been shown to aid the unfolding of G-quadruplexes by shifting the equilibrium from a folded to an unfolded state ([@B59]).

For RNA G-quadruplexes, convincing evidence for their processing into single stranded RNA comes from the identification and characterization of the ATP dependent human RNA helicase RHAU ([@B60],[@B61]). RHAU is a DEAH-box helicase that exhibits G4-RNA (and G4-DNA) binding and resolving activity. RNA immunoprecipitation (RIP)-chip analysis identified approximately 100 RNAs associated with RHAU *in vivo* and the majority contained pG4s sequences. One target is the human telomerase RNA TER and binding of RHAU depends on the presence of a stable G4 structure in the 5′-region of TER, both *in vivo* and *in vitro* ([@B62]). The functional consequences of knockdown of RHAU are impaired telomerase assembly and changes in telomere length ([@B63]). These data provide strong evidence that there are proteins that directly regulate G-quadruplexes resolution, or removal altogether, to prevent replication fork stalling and DNA breakage, and RNA folding.

The positive role of DNA and RNA G-quadruplex structures in biology is less well documented. In addition to their role in specifying metazoan DNA replication origins and at telomeres (discussed below), it is emerging that G-quadruplexes might be exploited as DNA recombination sites. Studies in a gram-negative bacterium have shown that a G-quadruplex is necessary to serve as the recombination initiation site *in vivo* and is required for pilin antigenic variability ([@B64],[@B65]).

G-quadruplexes at telomeres {#SEC1-3}
---------------------------

The tandem organization of G-rich telomeric DNA repeats is almost universally conserved in eukaryotes and such sequences are well known for forming G-quadruplexes *in vitro*. Direct *in vivo* evidence for the presence of G-quadruplexs at telomeres first came over 10 years ago from studies using very specific antibodies directed against G-quadruplexes ([@B32],[@B66]). These studies showed that an antiparallel intermolecular G-quadruplex structure is formed at the macronuclear telomeres of *Stylonychia*, and importantly that the G-quadruplex structure is resolved during DNA replication, suggesting that G-quadruplexes might act as a telomeric capping structure (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). The observation that G-quadruplex unfolding is regulated by a cell cycle dependent phosphorylation of the telomere end binding protein TEBPβ and a telomerase associated RecQ-like helicase ([@B64],[@B67],[@B68],[@B30]), provided an important mechanistic insight into the spatial and temporal regulation of G-quadruplex folding and unfolding to permit telomere synthesis by the telomerase when required.

![G-quadruplexes at telomeres. The G-rich overhang of telomeres can form G-quadruplex structures involved in telomere end protection and telomeric DNA metabolism. (**A**) The long human G-rich overhang can form strings intramolecularly folded G-quadruplexes that may offer end protection against nucleases or regulate telomerase activity. (**B**) Ciliate telomeres form intermolecular G-quadruplex structures involving two telomeres promoted by the telomere-end binding protein TEBPβ. Telomeres are attached to a sub-nuclear structure (the nuclear matrix or scaffold) via an interaction of the telomere-end binding protein TEBPα. (**C**) Stabilizing of G-quadruplexes by G-quadruplex binding ligands (yellow stars) impairs telomere repeat synthesis by the telomerase enzyme and lead to telomere shortening (modified after ([@B80])).](gkv862fig3){#F3}

For human telomeres, the first indication that G-quadruplexes may be present came from the observation that G-quadruplex stabilizing ligands impaired telomere metabolism and lead to telomere shortening (Figure [3C](#F3){ref-type="fig"}) ([@B69]--[@B71]). This approach was based on the observation that telomeric G-quadruplexes inhibit telomerase activity ([@B72]). A number of G-quadruplex stabilizing ligands are now available and it has become evident that many do not target the telomerase enzyme, but the telomere itself ([@B73]--[@B75]). Other approaches to identify G-quadruplexes at human telomeres have included the binding of a radiolabelled G-quadruplex ligand to metaphase chromosomes ([@B76]), the use of a fluorescent cyanine dye ([@B77]) and, more recently, the use of an engineered, structure-specific antibody against human G-quadruplexes ([@B78],[@B79]). In all cases, signals were detected at the ends of chromosomes, albeit not all ends. The resolution of light microscopy is insufficiently high to decipher whether binding occurred at the very end of the chromosome or at subtelomeric regions, also known to adopt G-quadruplex structures *in vitro* ([@B80]). For these reasons, whether G-quadruplexes are present at human telomeres remains to be established. However, the finding that a number of helicases that are known to unwind G-quadruplexs *in vitro* (such as the RecQ helicases WRN and BLM), localize to telomeres and are required for telomere integrity *in vivo*, provide strong circumstantial evidence for the existence of such structures at mammalian telomeres ([@B81],[@B82],[@B30],[@B45],[@B83],[@B84]).

The primary function of WRN and BLM helicases appears to be to ensure appropriate replication of telomeric DNA by aiding the unwinding G-quadruplex impediments (Figure [5](#F5){ref-type="fig"}). The WRN helicase is necessary for preventing dramatic telomere loss during lagging strand replication of the G-rich strand and the consequent accumulation of chromosome aberrations such as chromosome fusions ([@B85]). WRN colocalizes and physically interacts with the critical telomere binding proteins TRF2 and POT1 ([@B86]) and both WRN and BLM bind with high affinity to POT1 ([@B87]), suggesting that DNA binding telomeric proteins may function in helicase recruitment. RETL1 deficient cells exhibit telomere fragility ([@B50],[@B81]), which is enhanced by the G-quadruplex stabilizing agent TMPyP4. This again suggests that G-quadruplexes form at telomeres and if not resolved result in DNA damage. However, the role of RETL1 appears to be more general in aiding replication genome wide as it interacts directly with the replication clamp PCNA ([@B49]).

G-quadruplexes in transcription and translation {#SEC1-4}
-----------------------------------------------

The finding that about 50% of human genes contain pG4s near their promoter regions suggested a role for G-quadruplexes in regulating gene expression (Figure [4A](#F4){ref-type="fig"}). Interestingly, pG4s are more frequent in oncogenes or regulatory genes than in house keeping, or tumour suppressor genes ([@B88],[@B89]), (for review ([@B9],[@B84])). The first evidence that pG4s at promoters (Figure [4A](#F4){ref-type="fig"}) have an effect on gene expression came from studies on the oncogene c-MYC, for which it was shown that mutations of the pG4, or the addition of a G-quadruplex stabilizing ligand affected transcription *in vivo* ([@B90],[@B91]). More convincingly, genome wide gene expression studies in yeast and human cells show changes in numerous genes after addition of the G-quadruplex binding ligand TMPyP4 and significantly, the genes whose expression was affected were enriched in pG4s (Figure [4A](#F4){ref-type="fig"}) ([@B92],[@B93]). Studies using a G-quadruplex specific single chain antibody also showed alterations in gene expression of genes containing pG4s and the effect was not only limited to promoters but also on pG4s at the ends of genes, suggesting a possible involvement of G-quadruplexes in both transcriptional initiation and termination ([@B94],[@B95]). Furthermore, genome wide analysis of human cells has revealed that the binding sites of the transcription associated helicases XPB and XPD significantly overlap with pG4s. Since these helicases bind and unfold G-quadruplexes they are likely recruited to G-quadruplexes in the genome to aid transcription ([@B96]).

![G-quadruplexes in transcription and translation. (**A**) pG4 sequences are present in about 50% of human genes promoters. G-quadruplex formation could impair initiation of transcription by the RNA polymerase, or if present in the antisense strand inhibit transcription. (**B**) The presence of G-quadruplexes formed in the 5′ UTR of mRNAs can regulate translation as well as lead to aborted RNA transcripts in hexanucleotide repeat expansion diseases.](gkv862fig4){#F4}

Genome wide studies also revealed that pG4s are highly enriched at sites DNaseI hypersensitivity ([@B97]) and correlate with low nucleosome occupancy ([@B93]). Consequently, pG4s could both affect the deposition of regulatory proteins and/or alter chromatin structure and stability. The link between G-quadruplexes and chromatin is highlighted by the chromatin remodeller ATRX (alpha-thalassaemia/mental retardation X-linked) which together with its interacting partner DAXX functions as a histone-chaperone complex in the deposition of the histone variant H3.3, thus stabilizing chromatin ([@B98]). ATRX localizes to pericentric heterochromatin and telomeres, and genome-wide analyses in mouse and human cells revealed that it binds to GC-rich sequences of which a significant fraction are pG4s. *In vitro* ATRX was shown to bind G-quadruplexes ([@B99]). Disease-causing mutations in ATRX affect a variety of fundamental nuclear processes, including transcription. The ATRX syndrome is associated with thalassemia, which is attributed to the down-regulation of α-globin through the binding of ATRX to pG4s repeats upstream of the gene. Interestingly, both the proximity and the length of the variable number tandem repeats affected the severity of gene silencing, suggesting a direct cause by pG4s. Alternatively, based on observations from replication studies in avian DT40 cells ([@B100],[@B101]), it was concluded that transcriptional silencing occured via G-quadruplex impeded DNA replication (Figure [5](#F5){ref-type="fig"}) affecting transcription through the inappropriate inheritance of epigenetic histone marks. Interestingly, epigenetic instability can arise from a G-quadruplex located at a distance of up to 3500 base pairs from the transcription start-site ([@B13]). Although these observations provide compelling evidence for the involvement of pG4s in the regulation of gene expression *in vivo*, whether the mechanism for transcriptional regulation is directly through G-quadruplex formation remains to be proven. If G-quadruplex formation is the mechanism, then their occurrence (and regulation) should differ between various differentiated cells.

![G-quadruplexes and replication. G-quadruplexes formed during replication when the DNA is transiently single stranded impede replication and have to be resolved to permit the replication machinery including DNA polymerase to proceed for both leading and lagging strand DNA synthesis. G-quadruplexes are known to be resolved by G-quadruplex unwinding helicases such as FANCJ that has a 5′--3′ directionality. Other helicases such as BLM and WRN have a 3′--5′ directionality. Other proteins or enzymes such as polymeras also function in the successful bypass of G-quadruplexes.](gkv862fig5){#F5}

Computational predictions have revealed that RNA pG4s are also present in the 5′ untranslated region (UTR) of many genes and the involvement of G-quadruplexes in the regulation of translation has been demonstrated by *in vitro* and *in vivo* studies (Figure [2D](#F2){ref-type="fig"}) ([@B24]). Over a decade ago, pioneering studies on fragile X mental retardation, arising from (CGG)n repeat expansion, first suggested that G-quadruplexes in mRNA were involved in neuronal function ([@B102]) and were the target of the mental retardation protein FMRP. FMRP binds specifically to its own mRNA through a G-quadruplex present in its 5′ UTR, which impedes translation giving rise to altered brain mRNA translational profiles ([@B103]). A recent investigation on the role of the RNA helicase eIF4A, using ribosome footprinting to provide snapshots of translation across the transcriptome, has revealed that the hallmark of eIF4A dependent transcripts is a 12-nucleotide pG4 signature (CGG)~4~ that can form RNA G-quadruplex structures ([@B104]). eIF4A promotes T-cell acute lymphoblastic leukaemia by aiding the translation of mRNAs with long and complex UTRs. Hence, these results implicate RNA G-quadruplexes in the regulation of translation of a number of oncogenes (Figure [4B](#F4){ref-type="fig"}) ([@B104]). In addition, pG4 in the 3′ UTR of some mRNAs have been shown to be involved in alternative polyadenylation and the shortening of the transcripts ([@B25]).

Direct evidence for proteins that bind and resolve RNA G-quadruplexes is scant, with the exception of recent studies on the RNA helicase RHAU. This ATP-dependent resolvase was shown to bind with a high affinity and specificity many RNAs containing pG4s including the telomerase RNA TER, and resolves G-quadruplexes *in vitro* ([@B60],[@B62]). Mutations in the pG4 in TER give rise to a telomeric phenotype ([@B105]). In addition, as mentioned above, G-quadruplexes that form in m-RNA arising from hexanucleotide repeat expansion (GGGGCC)n lead to aborted RNA transcripts and perturbation of RNA processing ([@B44]).

The long G-rich telomere repeat containing RNA (TERRA) that result from the transcription of human and yeast telomeric DNA ([@B106],[@B107]) unsurprisingly adopt G-quadruplex structures *in vitro* ([@B26],[@B108]). *In vitro* studies have shown that the mammalian telomere binding protein TRF2 can interact with TERRA G-quadruplexes, which may suggest a role in telomere organization ([@B39]). Given the great structural repertoire of RNAs, it is likely that additional roles of RNA G-quadruplexes (and other higher order structures) in regulatory processes will emerge.

G-quadruplexes in replication and genome instability {#SEC1-5}
----------------------------------------------------

DNA G-quadruplexes appear to have a dual role in the regulation of DNA replication: as impediments to replication that in mutant backgrounds lead to genome instability, and as components of metazoan replication origins (Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}).

![G-quadruplexes and the initiation of DNA replication. Origins of replication in mice and humans are GC-rich and contain pG4s. G-quadruplex formation is required for the initiation of DNA replication and the localization of the G-quadruplex determines the site of initiation (modified after ([@B117])).](gkv862fig6){#F6}

There is mounting evidence that both specialized DNA polymerases and helicases function in the replication of G-quadruplexes to prevent genetic and epigenetic instability (Figure [5](#F5){ref-type="fig"}) ([@B45],[@B109]). Insights into the role of G-quadruplex helicases in DNA replication have emerged from studies on genome instability syndromes that are caused by loss of function mutations in one or other of such helicases (Figure [5A](#F5){ref-type="fig"}). In *C. elegans* containing a loss of function mutation in the DOG-1 gene, deletions accumulate in genomic regions containing pG4s ([@B46]). Studies on other helicases, as for example FANCJ, WRN, BLM and Pif1, support and extend these findings. While the WRN helicase seems to be primarily required for replication of telomeric DNA, consistent with Werner syndrome patients (who have mutations in the WRN helicase) showing premature senescence and accelerated telomere shortening. FANCJ as well as Pif1 or BLM helicase also act at internal genomic regions and are required for genome integrity ([@B45],[@B109]). Mutations in the FANCJ helicase leads to large deletions that map to pG4s in the genome ([@B48]). The demonstration that FANCJ preferentially unwinds G-quadruplexes *in vitro* suggested that the FANCJ helicase like DOG1, functions by resolving G-quadruplexes formed during replication (Figure [5B](#F5){ref-type="fig"}). *In vivo* evidence for replication fork stalling caused by pG4s came from an elegant study in an avian DT40 cell line deficient in the translesion polymerase REV1 ([@B100]). In this study, the sites of stalled forks were mapped to pG4s and further the authors demonstrated that stalling was due to the presence of a G-quadruplex forming sequence, rather than a G-rich sequence. Significantly, it was found that failure to maintain processive DNA replication leads to the uncoupling of DNA synthesis and histone recycling, and further that pG4-associated epigenetic instability is due to mutations in three helicases implicated in the unwinding of G-quadruplex structures (FANCJ, WRN and BLM) ([@B100],[@B101]). Recent observations also provide direct evidence for ATRX playing a role in aiding replication. ATRX dysfunction induced replication defects and increased the number of DNA damage response mechanisms at telomeres in mouse embryonic stem cells ([@B110]). This observation taken together with the knowledge that ATRX targets pG4s ([@B97]), suggest that in this case also G-quadruplexes could also be the cause of replication fork stalling. Mutations in human ATRX have recently been identified in tumours that maintain their telomeres by a telomerase independent pathway (the alternative lengthening of telomeres (ALT)) involving homologous recombination, implicating replication defects at telomeres in ALT cells ([@B111]). Evidence for genome instability arising from defective replication has also come from studies in which the human subtelomeric minisatellite CBE1, which forms G-quadruplex structure *in vitro* ([@B80]), was inserted into the genome of Pif1 deficient yeast ([@B52],[@B54]). It was further shown that replication slowed down in the vicinity of pG4s and that DNA breakage occurred at these sites in Pif1 deficient *S. cerevisiae*. Convincingly for the role of Pif1 in resolving G-quadruplexes, G-quadruplex associated DNA breakage could be suppressed by the ectopic expression of Pif1 ([@B51],[@B112]). Similarly, in the study using antibodies directed against G-quadruplexes ([@B78]) it was shown that the number of DNA damage foci significantly increased during S-phase, suggesting that the foci represent G-quadruplexes formed during replication. While this might be true, co-localization of these foci with newly synthesized DNA would strengthen the conclusion ([@B78]).

The large size of metazoan genomes, where replication occurs from about 30 000--50 000 replication origins in human or mouse cells (and possibly contain at least 10 times more potential origins), prevented their identification for many years. However, improved genome wide analyses of active sites of initiation of DNA replication have now been able to address the sequence specificity of replication origins. Contrary to the AT rich consensus sequences for origins in *S. cerevisiae*, 80--90% of all origins in mouse and human cells contain GC-rich regions forming G-rich repeated elements (Figure [6](#F6){ref-type="fig"}) ([@B19],[@B21],[@B113]). This GC rich feature is conserved in the replication origins of plants ([@B114]). These sequence elements have the characteristic features of G-quadruplex forming sequences, and such structures might be more important than sequence specificity for marking the initiation of DNA replication from either DNA strand (Figure [6](#F6){ref-type="fig"}) ([@B115]). Recently it was argued that the high occurrence of pG4s at origins might be an overestimation due to the inefficient digestion of G-quadruplex structure by the exonuclease used in the mapping ([@B116]). Nevertheless, convincing experimental data show that a G-quadruplex is indeed required for the initiation of replication *in vivo* ([@B117]). However, how potential replication origins within a replicon are selected for activation in different cells types remains to be understood and may involve the crosstalk between genome, chromatin organization and replication and transcription ([@B115],[@B118]). These data are not only important for our understanding of the control of DNA replication in higher eukaryotes, but may have an impact on applied science by allowing the construction of autonomously replicating vectors to be used in gene and stem cell therapy.

CONCLUSIONS {#SEC2}
===========

Research on the role of G-quadruplexes in cells has developed into an exciting field of modern biology. Mapping their occurrence *in vivo* has been difficult, but increasingly direct evidence is accumulating for their formation in both DNA and RNA, suggesting that beyond the primary sequence, DNA and RNA higher order structures provide a nucleic acid based control mechanism involved in regulating multiple biological pathways such as transcription, replication, translation and telomere structure.

Evidence suggests that G-quadruplex formation can serve both beneficial and regulatory roles in cells such as forming the capping structure of telomeres, the specification of DNA replication origins in vertebrates, and deletorious effects as they can impede the progression of replicative DNA polymerases. Evidence is also accomulating for the regulation of G-quadruplex structure formation by specific protein chaperones that bind or promote G-quadruplexes and helicases that can resolve them to promote faithful copying of the genome and prevent DNA damage. It remains to be determined whether all, or a subset of potential G4 motifs function in cells. However, since mechanisms have evolved to regulate their formation, there would be no selection pressure to remove these structures from where they could pose a potential problem.

For appropriate biological function, both the formation and resolution of G-quadruplexes need to be regulated in a tight spatiotemporal manner and should be specific for each cell type. Pioneering studies already indicate that this presumption is correct. The regulation of G-quadruplex formation through the cell cycle has been shown for ciliates and human cells ([@B66],[@B78]), but it would be most insightful to know their occurrence and location during cellular differentiation to understand the regulation of G-quadruplex formation and the functional consequences. There is a need to obtain a better understanding of how G-quadruplex stabilizing proteins or G-quadruplex resolving helicases are recruited to specific sites in the genome and at the appropriate time. Also, since DNA is packaged into chromatin, it will be essential to establish how chromatin structure influences G-quadruplex formation and *vice versa*.
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